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Abstract

Sickle cell disease (SCD) is an inherited blood disorder that affects millions of people worldwide, 

especially in low–resource regions of the world, where a rapid and affordable test to properly 
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diagnose the disease would be highly valued. Magnetophoresis is a technique that could 

simultaneously analyze, quantify, and potentially separate the patient’s sickle red blood cells 

(RBCs) from healthy RBCs, but the magnetic characteristics of sickle RBCs have yet to be 

reported. In this work, we present the single cell magnetic characterization of RBCs obtained from 

SCD patients. Sufficient single cells are analyzed from patient samples undergoing transfusion 

therapy and not yet having transfusion therapy (TP and NTP, respectively), such that means 

and distributions of these single RBC mobilities are created in the form of histograms which 

facilitated comparison to RBCs from healthy donors (HD). The magnetic characterization is 

obtained using a technique known as Cell Tracking Velocimetry (CTV) that quantitatively 

characterizes the RBC response to magnetic and gravitational fields. The magnetic properties 

of RBCs containing oxygenated, deoxygenated hemoglobin (Hb) and methemoglobin (oxyHb–

RBCs, deoxyHb–RBCs, and metHb–RBCs) are further determined. The NTP samples report the 

highest magnetic character, especially when compared to oxyHb–RBCs from HD, which implies 

impaired oxygen binding capabilities. Also, the oxygen–Hb equilibrium curves are obtained to 

estimate the magnetic character of the cells under intermediate oxygen levels. Our results confirm 

higher magnetic moment of SCD blood (NTP) under intermediate oxygen levels. These data 

demonstrate the potential feasibility of magnetophoresis to identify, quantify and separate sickle 

RBCs from healthy RBCs.
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I. INTRODUCTION

Sickle cell disease (SCD) is an inherited blood disorder that affects millions of people 

worldwide; it affects 25% of people living in Central and West Africa and approximately 

100,000 people in the United States, mostly of African descent [1−3] have the most serious 

form, the so called homozygous, HbSS, form of the disease. This hemoglobinopathy is 

the first described instance of a “molecular disease” and is caused by a single amino 

acid mutation in the β–globin gene of hemoglobin (Hb). Upon deoxygenation, sickle 

Hb (HbS) enters the tense (T) conformational state, where the mutant valine is able to 

induce polymerization of HbS, which is subsequently reported to dehydrate and shrivel 

the erythrocyte. This results in hardened and elongated red blood cells (RBCs) that do 

not uptake oxygen efficiently, obstruct blood vessels, and increase blood viscosity [4], 

In addition to the previously mentioned homozygous HbSS, other severe forms of SCD 

include compound heterozygous conditions, such as HbC with HbS (HbSC), HbS with 

β–thalassemia (HbS/β0 − thalassemia or HbS/β+ − thalassemia), and HbS with other beta–

globin variants such as HbSD or HbSOArab, all of which express sufficient HbS to cause 

intracellular sickling [2], The inheritance of both HbA and HbS (HbAS) corresponds to 

sickle cell trait; strictly not a form of SCD but that may be associated with adverse health 

outcomes [2], Although sickle cell trait affects between 1 and 3 million Americans, 8 to 10% 

of African Americans, and more than 100 million people worldwide, these patients rarely 

require treatment and blood from such donors is not considered in the present work [5].
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The RBCs in a person without SCD circulate in the bloodstream for approximately 120 

days and are replaced by new cells synthesized in the bone marrow; however, it is reported 

that sickle RBCs survive only 10 to 20 days in the circulation, resulting in hemolytic 

anemia characterized by a decrease in the number of circulating RBCs and total [Hb] [3], 

Sickle cells are stiff, distorted in shape and sometimes block small blood vessels, causing 

vaso-occlusive crises (VOCs). Individuals with SCD suffer a range of conditions, including 

acute anemia, infections, tissue and organ damage, severe pain, acute chest syndrome, and 

strokes [2]. The median life expectancy for those with SCD is 40 to 50 years [3]. Although 

gene therapy approaches have been successful, there is no widely used cure for SCD. In 

some cases, hydroxyurea is prescribed to increase the levels of Hb and fetal Hb (HbF) and 

to reduce the frequency of painful episodes [6]. Another common treatment is regular blood 

transfusions. However, the annual cost of transfusions rises to several thousand dollars per 

year, and although they are effective, they are financially inaccessible to the majority of 

SCD patients [7]. Moreover, they pose significant clinical challenges and transfusion-related 

complications exist, such as alloimmunization, delayed hemolytic transfusion reactions, and 

iron overload [8–10].

SCD is best managed when diagnosed early, but since SCD is most prevalent in low-

resource regions of the world, screening for SCD is rare and diagnosis at the point-of-care 

(POC) is challenging. In fact, in many regions, most affected children die undiagnosed 

before the age of 5 years [11]. Many SCD diagnostic techniques exist; however, 

they either suffer from high costs and require trained operators such as blood smears 

(however morphology-based imaging classification algorithms are improving), HPLC, or 

electrophoresis (detects all mutations), and isoelectric focusing (the current standard test 

for newborns, and takes 45 minutes) or inaccuracy such as a chemical-induced turbidity 

test (cannot differentiate sickle cell trait/disease, inaccurate in newborns, coinheritance of 

other diseases, erythrocytosis and others). [12, 26, 47] After an initial diagnosis, however, 

there are no rapid tests to detect a VOC, although Ballas and Smith have report that 

changes in RBC density, deformability, reticulocyte count, and Hb levels often precede 

one [45]. Thus, a rapid and affordable tool that has the means to detect the hematological 

and physical properties accompanying a VOC is needed. There are additional methods 

in the research stages that involve image capture during induced sickling, elasticity and 

deformation measurement, rapid lateral flow assays, and centrifugation. [12] However, there 

are currently no tests that can detect a VOC.

A technique that could be used to simultaneously analyze, quantify, and potentially 

separate the patient’s sickle RBCs from healthy RBCs is magnetophoresis. The magnetic 

susceptibility of Hb depends on the oxidative state and oxygen binding of Hb’s four iron 

(Fe) atoms. The works of Pauling, Coryell, and others indicated that for deoxygenated 

ferrous Hb and for methemoglobin (the oxidized form of Hb), the presence of unpaired 

electrons when the Fe is attached to the surrounding protoporphyrin and histidine side chain 

by ionic bonds makes these species paramagnetic whereas oxygenated, ferrous Hb has no 

unpaired electrons due to its covalent bonds and is diamagnetic in nature [13–15]. The 

separation and analysis of RBCs from other cell types using magnetic means has been 

reported widely in the literature [16–20]. Moreover, magnetic devices (magnetic levitation 

devices, mostly) have been proposed for the diagnosis of SCD [21–25]. Nevertheless, the 
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potential of this technique to analyze, quantify and separate sickle RBCs from SCD patients 

is not yet clear, since information regarding the RBC properties of SCD patients at the 

single cell level is not available. Especially important is understanding the physicochemical 

properties of Hb and how they influence the magnetic behavior of RBCs (e.g., ability 

to bind oxygen), along with other properties that might affect the magnetic separation, 

such as the density, shape, and deformability of erythrocytes. It has been demonstrated 

that in SCD, the presence of sickle RBCs, characterized by cellular dehydration and 

polymerization of HbS, affects the volume, density, size, intracellular Hb concentration, 

and oxygen affinity of the RBC [26–29]. A recent study on bulk volume susceptibility 

difference between deoxyhemoglobin and oxyhemoglobin for HbS and HbA by blood-

oxygen level dependent (BOLD) nuclear magnetic resonance imaging (MRI) reports no 

difference although, interestingly, that study shows greater spread of data for HbS than for 

HbA samples [30]. A comparative study using ab-initio quantum-mechanical simulations 

of the electronic structure of HbS and HbA’s active centers reports no difference in the 

intensity of magnetization of the Fe atom in HbS and HbA molecules not bound to O2 and 

a small excess of magnetization in the O2-HbS complex compared to O2-HbA complex [31]. 

A recent, detailed quantum-mechanical simulations study on the effective magnetization 

of Fe in the heme cluster points to a significant contribution of the neighboring atoms of 

the globin molecule [32], which could be affected by the Hb polymerization in the HbS 

molecule.

In this work, we report for the first time, single cell scale magnetic characterization of RBCs 

obtained from SCD patients both requiring and not requiring chronic transfusion therapy. 

The analysis is carried out by using different instruments. First, an instrument referred 

to as Cell Tracking Velocimetry (CTV) is employed, which has been previously used to 

characterize the magnetic behavior of individual cells or particles. Aside from permanent 

magnets, camera, light source and a computer, the only recurring costs come from the 

blood draw and isotonic buffer. Additionally, data sampling can yield several hundred 

datapoints in a few minutes of sampling [33–36]. More specifically, the CTV was used to 

evaluate the magnetic properties of individual RBCs containing either fully oxygenated Hb 

(oxyHb-RBCs), deoxygenated Hb (deoxyHb-RBCs) and methemoglobin (metHb-RBCs). 

Complementary to the CTV measurements, the oxygen-Hb equilibrium curves from these 

same samples are obtained by using a Blood Oxygen Binding System (BOBS). In addition 

to the oxygen-Hb equilibrium curves, estimates are made of the magnetic character of SCD 

samples under intermediate oxygen levels. The data obtained from SCD patient RBCs are 

also compared to the magnetic properties of RBCs obtained from healthy donors. Our results 

confirm a difference in the properties of the RBCs obtained from SCD patients and healthy 

donors, especially under intermediate oxygen saturation levels. Thus, this work might open 

the door to the possible detection, quantification, and magnetic separation of sickle cells 

from SCD patients.
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II. METHODS

A. Sample Preparation

A total of 15 RBC samples obtained from healthy individuals and SCD patients receiving 

and not receiving chronic transfusion therapy (at least for the last 3 months prior to sample 

collection) were collected following informed consent according to protocols approved 

by the Institutional Review Board (IRB) of The Ohio State University (protocol numbers 

2021H0075 and 2018H0268; approved March 29th, 2021 and July 20th, 2018, respectively). 

All experiments were performed in accordance with relevant guidelines and regulations. For 

the healthy donor RBC samples (HD samples), approximately 5 mL of whole blood was 

drawn into a 10 mL collection tube containing EDTA anticoagulant. For the SCD patients 

not requiring transfusion therapy (NTP samples), the same protocol was observed, where 

5 mL of whole blood was collected into 10 mL tubes containing EDTA anticoagulant. 

For SCD patients requiring transfusion therapy (TP samples), the discarded RBCs were 

collected in a bag containing citrate while the patient received RBC exchange apheresis. The 

samples (variable volumes of the discarded RBC) were taken directly from the apheresis 

collection bag after the exchange was complete.

The RBCs from HD and NTP whole blood and TP apheresis waste product were washed 

in phosphate buffered saline (PBS) using centrifugation (three times at 1300 x g for 5 

mins), as presented in Fig. 1. After washing, the average density of RBCs was determined 

by centrifugation (1000 x g for 15 mins) using a Percoll gradient (Cytiva Sweden AB, 

Sweden) and density marker beads (Amersham Biosciences AB, Sweden), which are 

colored microspheres of known mass density that are used for determining the density of 

cells in gradient columns, as shown in Fig. 1. All samples were introduced into an automated 

cell counter, B23005 Multisizer 4e Coulter Counter (CC, Beckman Coulter, CA), to measure 

the cell concentration as well as volume (and equivalent diameter) distributions.

After preparing RBC samples and determining size and concentration distributions, 

RBCs were divided into three aliquots designated “oxyHb-RBCs,” “deoxyHb-RBCs,” and 

“metHb-RBCs” for CTV analysis. OxyHb-RBCs were exposed to room air for 10 min 

and mixed to ensure that the cells were in the oxyHb state. The paramagnetic forms of 

RBCs (deoxyHb-RBCs and metHb-RBCs) were obtained after treating the washed RBCs 

with sodium dithionite (deoxyHb-RBCs) (while avoiding mixing/stirring) and sodium nitrite 

(metHb-RBCs) as previously reported in the literature [34, 37]. The oxygenation state of the 

oxyHb-RBC and deoxyHb-RBC samples was ensured by measuring the pO2 (partial pressure 

of oxygen, which reflects the amount of oxygen gas dissolved in the blood sample) using 

a blood gas analyzer (RAPIDLab 248, Siemens Healthcare Diagnostics, German) before 

CTV analysis. OxyHb-RBCs and deoxyHb-RBCs had pO2 values around 180 and 0 mmHg, 

respectively. Finally, BOBS analyzed oxyHb-RBCs. In Fig. 1, the workflow of the sample 

preparation procedure is schematized.

B. Cell Tracking Velocimetry Analysis

Once the samples were prepared, the magnetic characterization of fully oxygenated, 

deoxygenated, and oxidized RBCs was performed using CTV. CTV uses a microscope, 
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camera, permanent NdFeB magnets and a microfluidic channel to track the movement of 

cells and particles under the direct influence of magnetic and gravitational fields. More 

specifically, CTV measures the magnetically induced velocity um  and gravity induced 

settling velocity us  of cells in a region of interest, where a high, uniform, and well 

characterized magnetic energy gradient Sm , perpendicular to gravity, is created. Once the 

RBCs are injected, horizontal and vertical velocities are measured, which can be related to 

specific cellular and magnetic field properties. The magnetically and gravitationally induced 

velocities, um and us can be described as follows:

um = χCell − χFluid vCell

fd3πDCellη Sm (1)

us = ρCell − ρFluid vCell

fd3πDCellη g (2)

where the subscripts cell and fluid refer to the cell and the suspending fluid, χ is the 

magnetic susceptibility, ρ is the density, D and V are the diameter and volume of the RBC, 

η is the viscosity of the suspending fluid, fd is the drag coefficient (1.0 for spheres and 1.23 

for disc-shaped erythrocytes) and g is the acceleration due to gravity (9.8 m/s2) [37]. Sm is 

defined by:

Sm =
VB2

2μ0

(3)

where μ0 and B are the permeability of free space and the magnetic flux density at the RBC, 

respectively. Rearranging (1) and (2) leads to:

χCell = χFluid + um

us

ρCell − ρFluid g
sm

(4)

The RBC magnetic susceptibility is the material property of its constituents and does not 

depend on the RBC size (volume and diameter) nor the fluid viscosity. Moreover, the 

relationship between the magnetic and settling velocity and the mass and concentration 

of Hb in the RBCs, the mean corpuscular Hb (MCH) and the mean corpuscular Hb 

concentration (MCHC), can be estimated as [17, 34]:

MCH = 9 * 20.5π
Sm * χm,Hb + χm,globin − χH2O * VHb

*

fd * um * fd * us
0.5 * η1.5

Δ ρ0.5 * g0.5 * 103 * MWHb

(5)

MCHC =
um
uS

(Δρ) g
Sm

χm,Hb + χm,globin − χH2O * VHb
* MWHb

(6)
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where VHb = 48.23 L/mol is the molar volume of Hb, MWHb is the molecular weight of Hb 

(64,450 g/mol), χm,globin = − 37, 830 × 10−9 L/mol is the molar susceptibility of the globin 

chain, and χH2O = − 12.97 × 10−9 L/mol is the molar susceptibility of water. The molar 

susceptibility of the deoxygenated Hb heme group is χm,deoxyHb = 50, 890 × 10−9 L/mol, and 

that of the metHb heme group is χm,metHb = 56, 000 × 10−9 L/mol (all in CGS system of units). 

The molar susceptibility of the oxyHb heme group is zero.

After introducing the different RBC samples into the CTV, images of the cells’ location were 

captured using an in-house program and analyzed using the TrackMate plugin on ImageJ 

[39] and in-house programs to calculate um and us. With these data, χRBC as well as the MCH 

and MCHC were calculated.

C. Blood Oxygen Binding System Measurements

Washed, oxyHb-RBCs were also analyzed in the BOBS (Loligo Systems, Viborg, Denmark). 

BOBS continuously performs UV-visible spectroscopy while passing a varying mixture of 

O2/N2 over a thin film of RBC sample. This allows the operator to determine the oxygen 

saturation of Hb (SO2) as a function of oxygen partial pressure (pO2) (i.e., the oxygen-Hb 

equilibrium curve). From this curve, the oxygen partial pressure at 50% saturation (P50) 

is determined. The BOBS was operated at 37°C with a gas temperature offset of +1.3°C. 

Samples were prepared by diluting cells to a concentration of approximately 70 million 

cells/mL using Hemox buffer (TCS Scientific Corp, New Hope, PA) with 1% additive A, 

and 1% additive B (TCS Scientific) at 7.4 pH. The BOBS system was refilled with 20 

mL deionized water prior to each experiment session. A 2 μL sample was spread onto the 

glass sample plate and allowed to acclimate to system temperature before start of the run. 

A gas mixing system was used to automatically mix O2 and N2 entering the BOBS and our 

protocol specified an incremental increase of O2 from 0% to 22% (incremental value of 

0.1–1%), while the Soret peak intensity was measured. Data obtained from the BOBS was 

standardized and fit to the Hill equation in an R (RStudio, Boston, MA) script to regress 

the P50 value and Hill coefficient (n) for cooperative oxygen binding to Hb [40]. More 

specifically, the oxygen-Hb equilibrium curve was fitted to the following equation used to 

describe cooperative binding to ligands:

SO2 = po2
n

P50
n + pO2

n (7)

Moreover, we used the Adair model to estimate the magnetic character of the samples under 

intermediate oxygenation states [41]. Hb is a tetrameric protein where each of the four 

globin subunits can bind a single oxygen molecule, as presented in the following equation:

O2 + Hb O2 i−1 Hb O2 i (8)

where 1 ≤ i ≤ 4.
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Pauling determined that the magnetic moment of an unoccupied Hb subunit (i.e., not bound 

with oxygen) is 5.46 Bohr magnetons and when bound with oxygen is zero [14]. Recently, 

it has been experimentally demonstrated that the magnetic moment of healthy RBCs is 

inversely proportional to oxygen partial pressure [42]. In this work, we investigate the 

differences in the oxygen affinity among HD, TP and NTP samples, with the purpose of 

eventually exploiting these differences to develop a magnetophoretic device to diagnose 

SCD and to quantify the number or percentage of sickle RBCs in the blood of SCD 

patients, as well as to design a separator to isolate sickle from healthy RBCs. To calculate 

the magnetic moment of Hb and RBCs as a function of pO2, the Adair model was fit to 

oxygen-Hb equilibrium data to determine the equilibrium constants (Ki), as follows [41]:

SO2 = K1 O2 + 2 K1 K2 O2]2 + 3 K1 K2 K3 O2
3 + 4 K1 K2 K3 K4 O2

4

4 1 + K1 O2 + 2 K1 K2 O2]2 + 3 K1 K2 K3 O2
3 + 4 K1 K2 K3 K4 O2

4 (9)

Ki = Hb O2 i

Hb O2 i−1 O2
(10)

From the equilibrium constants Ki the mole fraction of intermediate oxygen-Hb species 

Hb(O2)i  can be quantitated XHb(O2)i  as a function of pO2, and this allows the 

determination of the magnetic moment of the samples MHb , as follows:

xHb O2 i = Ki Hb O2 i−1 O2

[Hb] + ∑i = 1
4 Ki Hb O2 i−1 O2

(11)

MHb = 5.46 * 4 − ∑i = 1

4 i * xHb O2 i (12)

III. RESULTS AND DISCUSSION

In order to understand the differences between RBCs from SCD transfused (TP samples), 

non-transfused patients (NTP samples) and healthy donors (HD samples), five blood 

samples from each source were analyzed and several RBC parameters were collected. 

Table I reports the average (and standard deviation) for each sample. From the Coulter 

Counter, the red cell diameter was obtained. From CTV, several RBC indices such as 

MCH and MCHC were estimated after measuring the settling and magnetic velocities of 

deoxyHb-RBCs and metHb-RBCs. Finally, the P50 from BOBS is reported. These parameters 

and the different analyses performed are discussed in the following section below.

A. CTV Analysis

The raw data from the CTV instrument is the settling and magnetic velocities, from which 

the magnetic susceptibility of RBCs is determined and the MCH and MCHC RBC indices 

calculated. Table I reports the average values obtained from this analysis and Figs. 2 and 
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3 present the CTV trajectories (cell’s velocities), grouped by donor type: ND, NTP, TP, 

respectively.

Fig. 2 presents the data in form of dot plots of us versus um, and the cumulative distribution 

curves as function of the specific velocity. Fig. 3 presents the data for each of the three states 

in the form of histograms, the donor samples within each of these states averaged.

The average um of oxyHb-RBCs is negative for all groups. This has been previously reported 

and is expected since oxyHb RBCs are not only diamagnetic, but the average magnitude 

of this property is less than the suspending buffer (PBS) [18]. In contrast, both the deoxyHb-

RBCs and metHb-RBCs have positive um values, consistent with the paramagnetic property 

of deoxyHb and metHb. The um of deoxyHb-RBCs is slightly greater than metHb-RBCs, 

consistent with the small difference in mobility between these chemical states of Hb, as 

previously reported in the literature [15]. Although these measurable differences in mobility 

and sedimentation exist between different samples, there is a large degree of heterogeneity 

within samples, particularly those from SCD patients. Future studies that correlate common 

hematological parameters to this heterogeneity may reveal causes of this observation.

Inspection of the histograms in Fig. 3 indicated a noticeable “right shift” in the magnetic 

mobility of the NTP donor blood relative to the HD and TP samples. This is detectable 

in each of the three states: oxy, deoxy, and met. Further inspection suggests that, when 

comparing the settling velocity, deoxyHb-RBCs have a decreased us in TP (Fig. 3 c)) and 

NTP (Fig. 3 b)) samples. This suggests a decreased density, decreased size/volume, or 

increased drag due to a change in shape when the RBCs are treated with sodium dithionite 

compared to the same samples treated with sodium nitrite (metHb-RBCs). However, us data 

suggest that the density, size, and drag are unchanged in healthy RBCs when subjected to 

different chemical states, as presented in Fig. 3 a). However, care should be taken since the 

standard deviations are sufficiently high that these observations are only speculations.

The decrease in the us of deoxyHb-RBCs obtained from SCD patients can be also observed 

in Fig. 3, where the comparison between the groups of samples is performed for each 

chemical treatment. Especially, Fig. 3 b) reports a decreased us of deoxyHb-RBCs for the 

TP and NTP samples in comparison to HD. When comparing um for the three different 

groups (Figs. 3 a)-c)), it can be seen that SCD samples (especially the TP) report the highest 

values, also presented in Table I. In fact, the largest difference in um between HD and SCD 

samples is found when comparing oxyHb-RBCs from HD and TP. Seen in Table I, the 

average oxyHb-RBC um values for HD and TP are −0.33 and −0.14 μm/s, respectively. The 

high magnetic velocity of oxyHb-RBCs from TP samples suggests that the RBCs from these 

patients have impaired oxygen binding capabilities (i.e., they are not fully oxygenated). 

It may also suggest the effect of a slightly higher magnetization of Fe in the oxygenated 

HbS molecule compared to that in the HbA molecule, as reported by quantum-mechanical 

simulations [30]. As seen in Fig. 3 a), oxygenated TP samples also have a significant 

fraction of cells with a um above 0.

Fig. 4 reports the estimated MCH and MCHC values for HD, NTP, and TP samples when 

using the CTV data obtained from deoxyHb-RBCs and metHb-RBCs. First, it can be seen 
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that for both parameters, the values obtained when using deoxyHb-RBCs are higher than 

that of metHb-RBCs. This suggests the possible formation of hemichrome when converting 

oxyHb into metHb. This may be due to over-oxidation with sodium nitrite, which further 

oxidizes metHb into hemichrome, where the Fe atom no longer has five free electrons, 

but instead forms a covalent bond with a neighboring histidine ring and thus, results in a 

diamagnetic form of Hb. DeoxyHb, on the other hand, oxidizes into metHb if treated with 

excess sodium dithionite. Because the susceptibilities of the two Hb forms are paramagnetic 

and similar in magnitude, the possibility of side reactions is ignored for deoxyHb-RBCs.

Second, the average MCH and MCHC for HD samples are lower than that of SCD samples. 

This is speculated to be attributed to the different intracellular Fe content, cell size/volume, 

shape, and density of sickle RBCs. It has been suggested in the literature that dehydrated, 

hyperdense RBCs with high MCHC values are a distinguishing feature of SCD [42]. These 

cells are believed to play an important role in the pathogenesis of the disease, due to 

their increased propensity to undergo polymerization and sickling. However, the fraction of 

hyperchromic RBCs present in the blood of SCD patients may vary according to clinical 

conditions, especially before or during acute painful crises [26].

Third, it can be observed from the plots (where the normal range for MCH and MCHC is 

represented by a dashed rectangle) that although the MCH values are close to the normal 

levels (30 pg/cell) for the three groups of samples, the MCHC values are below the normal 

range [43]. This is attributed to the difference in estimating the RBC volume or mean 

corpuscular volume (MCV) using CTV data. We have previously published that even though 

the MCV obtained from CTV and the Coulter Counter are comparable for healthy RBCs 

[17], these values are lower than the normal MCV reference range for healthy donors (80–

100 fL) [43].

B. RBC Size Distribution

Table I reports the average RBC size for each individual sample and Fig. 5 a) presents a 

histogram representing the cell diameter for the combined HD, TP, and NTP sample types, 

measured by the Coulter Counter. It can be seen from Table I that the average RBC sizes 

for both healthy donors and SCD patients are similar. Surprisingly, the average diameter for 

HD and TP is identical (4.64 ± 0.44 and 4.64 ± 0.49 μm, respectively), which is slightly 

less than that of SCD patients who did not receive a transfusion (4.73 ± 0.49 μm). The 

larger standard deviations for TP and NTP samples are equal further demonstrated by the tall 

peak of the HD histogram when overlaying the RBC diameter distributions for the combined 

three different donor types presented in Fig. 5 a). The peak diameters are quite close, but 

the NTP curve is right-shifted. The fraction of NTP RBCs with diameters greater than 5 

μm is higher than that of TP and HD. This suggests that larger erythrocytes exist among 

those with SCD and that transfusion of healthy, monodisperse RBCs dilute these large 

cells after exchange transfusion. These large cells may be reticulocytes which have greater 

presence in SCD patients, particularly in the early stages of crisis. [43–45] Fig. 5 b) presents 

histograms of us data for metHb-RBCs for the three types of donors. In this case, a small 

right-shift is observed for TP samples compared to HD and a further right-shift is observed 

for NTP samples compared to TP. The significance between these findings can be explained 
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with (2). While the size histogram suggests the presence of large cells in NTP, studying 

the sedimentation curve suggests that size, density, drag, or a combination of all three, 

are responsible for the difference. Similarly, NTP samples have the fastest sedimentation, 

followed by the sickled and healthy mixture in TP samples. Although reticulocyte density is 

smaller in healthy, HbSS and sickle cell anemia cases, reticulocytes are denser than the rest 

of RBCs for HbSC. We believe the increased sedimentation is due to increased density in 

mature SCD erythrocytes.

C. BOBS Results

Since a “right shift” in an O2 binding curve plot is a well-known characteristic of SCD, 

and as presented above, and previously published, the degree to which a RBC has bound 

O2 significantly affects the magnetic susceptibility of RBCs, we used a BOBS to analyze 

the ability of sickle RBCs to bind O2 as well as to estimate the magnetic properties of SCD 

patients’ blood under intermediate oxygen levels. Fig. 6 presents overlaid O2 equilibrium 

curves that plot the % saturation of O2 in the erythrocyte Hb as a function of pO2 for HD, TP 

and NTP. The data show that the P50 of HD and TP RBCs are quite similar (see Table I), with 

a slightly lower P50 for HD than TP, while the P50 and overall O2 affinity for NTP are higher 

and lower, respectively, compared to HD RBCs. This result with the TP donor samples could 

be attributed to the mixture of healthy and SCD RBCs contained in the apheresis product 

sample (TP), in comparison to the only native, HbS-containing RBCs of NTP samples. In 

fact, Table I reveals that the P50 of HD and TP RBCs are very close and are within the 

healthy range (30–32 mmHg). However, this observation comes from a curve that represents 

many individual oxygen equilibrium curves and the inherent biological variance should not 

be forgotten. It is noted that the BOBS software fits the raw data to the Hill equation and 

then reports the P50 value based on the fit.

The shape of the NTP samples curve suggests decreased cooperativity compared to the other 

samples. O2 saturation increases linearly with pO2 below 20 mmHg, rather than a sigmoidal 

relationship, where O2 rapidly binds to Hb due to cooperative changes in structure when Hb 

enters the R state [4]. It has been reported that NTP samples have higher amounts of HbS as 

well as higher HbF compared to HD and TP samples [28]. The two species have opposing 

effects on O2 affinity; more HbS increases the concentration of α2βS2 tetramers and therefore 

Hb in the T state, which are sensitive to polymerization. However, increased HbF yields 

more benign α2βSγ and α2γ2 tetramers upon dimer dissociation and reassociation, resulting 

in less sickling. Additionally, high amounts of HbF result in larger cell volume, further 

decreasing MCHC and increasing the “delay time” of sickling, contributing to sickling 

reduction. Although native HbF is removed during RBC exchange apheresis, it appears that 

SCD patients benefit from higher oxygen affinity due to diminished HbS after receiving an 

exchange transfusion [28].

In many cases for TP and NTP samples, overlaid raw and fitted data reveal that the 

Hill fit overestimates Hb O2 saturation, particularly in the 0–20 mmHg region of the 

oxygen equilibrium curve. This results in a small underestimation of P50 and a severe 

overestimation of cooperativity (n). Therefore, the Adair model is chosen to describe O2
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binding equilibria moving forward, and also to estimate the magnetic moment of the samples 

under intermediate pO2 values.

Combining O2 saturation data and the Adair model parameters allows us to calculate the 

magnetic character of the samples, after determining the equilibrium constants Ki for 

intracellular Hb bound to “i” number of oxygen atoms (where 1 ≤ i ≤ 4). The results are 

presented in Fig. 7, where the magnetic moment of the samples as a function of pO2 is 

presented for the five HD, NTP and TP samples. The data reveal substantial changes in the 

Hb’s magnetic moment of the RBCs (as much as a factor of 2.5) between HD and NTP 

samples at intermediate pO2. This is attributed to the low O2 % saturation of TP samples 

in the pO2 range of 20–100 mmHg, as seen in Fig. 6. The higher magnetic moment of the 

NTP samples oxygenated by the room air (at pO2 = 150 mmHg) compared to the HD and 

NTP samples is also consistent with the reported differences between O2-HbS and O2-HbA 

Fe magnetizations by quantum-mechanical simulations [30].

While clinical metrics such as MCH and MCHC are extremely useful in diagnosis and 

treatment, the small differences in average Hb between donors and modest variation within 

a donor require extremely high resolution and selectivity in detection/separation technology. 

Exploiting this additional condition, pO2, on a heterogeneous mixture of healthy and HbS-

containing cells can potentially lead to higher accuracy and efficiency in detecting and 

separating sickle RBCs than simply targeting the quantity of Hb alone. Furthermore, the 

scatter plots in Figs. 3 a) and 3 b) suggest that cells with higher um (analogous to MCH) 

also have higher us (analogous to size, assuming density and drag are constant) under fully 

deoxygenated conditions. This leads to an unfortunate fact; the larger cells that are prone 

to sickling and vaso-occlusion could be misidentified as healthy cells with abundant Hb. At 

an intermediate pO2, the large, Hb-rich RBCs with low concentrations of HbS that sits in 

the upper-right quadrant of the scatter plots in Figs. 3 a) and b) will shift to the left, due to 

higher oxygen affinity and therefore lower magnetic moment/susceptibility.

In a similar approach to this paper with respect to analyzing single RBC from healthy and 

SCD patients, Di Caprio et al (2019) [46] have also reported on a microfluidic device 

that determines the oxygen saturation of each RBC on at a time using spectroscopic 

measurements. They report that not only is there a difference in oxygen saturation between 

SCD and normal RBCs, but that this difference is more apparent, and bimodal in partial 

saturation conditions. Since only healthy and transfusion discarded blood (TP in this current 

study) was used, it is not known whether this bimodal distribution of the oxygen saturation 

data is the result of this mixed blood sample (healthy and SCD RBCs), or if a bimodal 

distribution is apparent in pure SCD RBCs.

IV. CONCLUSIONS

In this study, we report the magnetic characteristics of SCD RBCs and explore the potential 

of magnetophoresis for diagnosis, quantification of sickle RBCs, and separation of sickle 

from healthy RBCs for patients receiving exchange transfusions. Such a device would 

reduce the demand of RBC units and avoid adverse effects from transfusions. However, 
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information about the entire population of SCD RBCs at the single cell level is needed. 

Thus, we compared RBCs from SCD patients with and without transfusions to RBCs from 

healthy donors.

Our experiments reveal a small sub-population of large SCD cells, confirming the presence 

of elongated, irreversibly sickled RBCs. Additionally, CTV quantified the response to 

magnetic and gravitational fields under several chemical states. Interestingly, SCD deoxyHb-

RBCs reported decreased us, suggesting decreased density, decreased size, or increased drag 

due to a shape change when treated with sodium dithionite while this was not observed for 

HD samples. The average MCH and MCHC for HD samples is lower than SCD samples, 

suggesting dehydrated hyperdense RBCs with high MCHC in SCD blood. The high um of 

oxyHb-RBCs from TP samples is attributed to impaired O2 binding capabilities of sickle 

RBCs (i.e., not fully oxygenated when in contact with O2).

Oxygen-Hb equilibrium curves paired with magnetic and kinetic data led to the estimation 

of magnetic characteristics of SCD cells under intermediate oxygenation. Our results 

confirm decreased O2 affinity of sickle RBCs (especially for NTP). Moreover, calculated 

magnetic moments at intermediate pO2 suggest NTP samples have the highest magnetic 

moments (around twice that of TP and HD samples at particular pO2). This could be 

attributed to a mixture of healthy and native RBCs contained in the apheresis sample (TP). 

These data may lead to developing a rapid and affordable device to diagnose and selectively 

remove sickle cells from patients undergoing transfusions.
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Fig. 1. 
Sample preparation procedure scheme. First, RBCs from whole blood samples (for HD and 

NTP samples) were collected by centrifugation. All RBC samples (from HD, TP and NTP) 

were washed three times with PBS. The density of the samples was estimated using a Percoll 

gradient and density marker beads. The washed RBCs were analyzed using Coulter Counter 

(size/concentration distribution) and BOBS (for determining the oxygen-Hb equilibrium 

curve). For CTV analysis, oxyHb-RBCs were processed directly, and metHb-RBCs and 

deoxyHb-RBCs were obtained by treating the RBCs with NaNO2 and Na2S2O4, respectively. 

The same protocol was applied on all blood samples, which were processed the same day of 

blood draw.
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Fig. 2. 
Scatter plot and cumulative distribution curves of um and us for oxyHb-RBCs (red), deoxyHb-

RBCs (green) and metHb-RBCs (blue) for a) HD, b) NTP and c) TP samples presented 

in Table I. The dot plot shows um and us values of individual RBCs (left panel), whereas 

the central and right panels present the um and us cumulative distribution curves for each 

donor/patient, respectively.
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Fig. 3. 
Histograms of magnetic (left) and settling (right) velocities for a) oxyHb-RBCs, b) 

deoxyHb-RBCs and c) metHb-RBCs. The data contained on each panel combines all the 

RBCs for each group of samples (i.e., HD, TP and NTP).
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Fig. 4. 
Average a) MCH and b) MCHC values for HD, NTP and TP samples when both the 

deoxyHb-RBC and the metHb-RBC data are employed for the calculations. The normal 

range for MCH (27–33 pg/cell) and for MCHC (28–41 g/dL) are represented by the dashed 

rectangle.
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Fig. 5. 
a) Histograms of the RBC diameter measured on Coulter Counter and grouped for HD 

(blue), TP (red) and NTP (orange) samples. The histograms closely overlay and there is 

a very little difference in cell diameter between the RBC sources. b) MetHb-RBC settling 

velocity, which is proportional to cell diameter squared, for HD (blue), TP (red) and NTP 

(orange) donors. The slight right-shift in us suggests a difference in cell density between 

healthy and SCD patients, as presented in Table I.
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Fig. 6. 
Oxygen equilibrium curves for HD (blue), TP (red) and NTP (orange).
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Fig. 7. 
Magnetic moment of HD (blue), TP (red), and NTP (orange) RBC samples as a function of 

pO2. The lower oxygenation affinity of NTP samples in comparison to HD and TP results 

in a lower saturation, and therefore higher magnetic moments under intermediate oxygen 

levels.
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